The metabolome, which encompasses the suite of metabolites in a biological system, is an indicator of the physiological and pathological condition of a cell. Concentrations and localizations of intracellular metabolites are in a dynamic balance that can change rapidly (e.g., in minutes to seconds). Intracellular metabolites are structurally diverse and are found over a broad range of concentrations (e.g., from picomolar to millimolar scales). The intricate complexity of the metabolome is partly reflected by the number of documented metabolites. For example, the human metabolome database 1 , which currently contains more than 8,000 entries, is continually expanding. It is therefore understandable that characterization of this chemical milieu within the small volume of a single cell places challenges on analytical measurement systems and benefits from developing measurement protocols tailored for metabolites. Despite major progress in the field, further developments are needed in the technology and methodology for single-cell analysis (SCA) to facilitate interrogation of the metabolome with sufficient detection sensitivity and metabolite coverage.
MS is at the forefront of the bioanalytical technologies that facilitate investigations of various levels of cellular and molecular organization, including the metabolome. MS complements singlecell and subcellular interrogations via established and emerging techniques such as light microscopy [2] [3] [4] (e.g., Bessel beam plane microscopy 5 and light endoscopy via nanowires 6 ). MS detection provides rich chemical information and usually does not require analyte labeling. The approach can be quantitative, and allows the user to observe diverse types of unknown and/or unpredicted compounds. Advances in small-volume sampling and MS measurement schemes have improved this powerful technique for the study of individual cells, making detection of hundreds of metabolites possible.
The number of direct MS-based techniques capable of performing single-cell measurements is rapidly increasing. The current state of the field has been the focus of several recent reviews [7] [8] [9] [10] [11] [12] [13] . We previously described a number of approaches for characterizing peptides from a range of cells, from larger molluscan to smaller insect and mammalian neurons, using matrix-assisted laser desorption ionization (MALDI) MS [14] [15] [16] , including a detailed protocol adapted to pituitary cells 17 . Several other developments in MS technology were recently introduced and applied to SCA, and have included investigation of individual metastatic breast cancer cells by nanostructure initiator MS 18, 19 , unicellular algae and bacteria by high-density microarray MS 20 , and yeast cells using nanostructure post arrays 21 . The distributions of vitamin E 22 , lipids and lipid fragments at the soma-neurite junctions of neurons 23 , as well as lipid domain formation in mating unicellular organisms with ~100-nm resolution, were determined using secondary ionization MS imaging 24 . More recently, analyses of plant, animal and human cells were extended to ambient conditions compatible with specimen viability in live video MS 25 , laser ablation ESI 26, 27 and femtosecond laser desorption ionization 28 . The chemical complexity inherent to single cells can potentially interfere with gas-phase ion generation, which in turn can hamper metabolite identification and/or quantification. To expand the coverage of the metabolome and improve quantification, additional steps, such as the separation of metabolites in small sample volumes, are needed.
The current protocol facilitates SCA by efficiently separating chemical species using CE before ESI-MS detection. CE is amenable to multiple sampling approaches, offers relatively high peak capacity in separation and operates with small sample volumes (e.g., a few nanoliters); thus, it has been adapted for individual cell measurements 10, [29] [30] [31] [32] . CE combined with the high information content of MS enables measurements of a range of metabolites in a single experiment. This technology also unites high detection sensitivity with a wide linear dynamic concentration range for quantification (at least four orders of magnitude 31 ).
Experimental workflow of single-cell CE-ESI-MS
Here we provide a CE-ESI-MS protocol that can be used to successfully profile and quantify the metabolic content of single cells isolated from model organisms in neuroscience and systems biology. Our SCA protocol was used to measure multiple metabolites, including classical neurotransmitters in individual neurons collected from the sea slug (A. californica) CNS and rat (R. norvegicus) peripheral nervous system. We selected a set of biologically important cationic metabolites (e.g., carnitines and betaines) and characterized and differentiated neurons on the basis of their underlying chemistries. The analytical workflow begins with sample preparation and is followed by CE separation with mass spectrometric detection and subsequent data analysis and quantification.
The main goal of sample preparation is to identify, isolate and stabilize a particular neuron of interest, and then extract its metabolites. A number of different approaches can be used for cell selection and isolation in combination with this protocol, including physical collection via manual manipulations, sorting of cells with select attributes by flow cytometry and sampling tissue-bound or fixed individual cells and their organelles using laser capture microdissection 10, 29 . During the initial stage of an experiment, the selected cells are isolated, optionally cultured and rinsed. They are then placed in a small volume of organic solution such as acidified aqueous methanol to facilitate extracting metabolites, quenching enzymatic activity and reducing metabolic degradation during storage. Each step may influence the detectable portion of the intracellular metabolome, and in turn determine the ability to deduce the in vivo chemistry of the neuron. Our goal is to attain high analytical reproducibility in sample preparation, as well as to use an adequate number of biological replicates (e.g., the same neuron type isolated from different members of the same species) and technical parallels (same extract measured multiple times) in order to ensure experimental success. The results presented here are shown for multiple biological replicates (at least five) measured in technical duplicates and are in agreement with genetic, metabolic and physiological data obtained in independent investigations. However, the exact number of biological and technical replicates required is strictly dependent on the sample type and the purpose of the study.
Box 1 | Considerations for ensuring robust system operation
Successful experiments are facilitated by careful attention to the methodological details, precise calibrations and frequent maintenance of the CE-ESI-MS system. Sample injection reproducibility is improved by handling the capillary with caution and consistency. Bending of the inlet end should be avoided, as the bare fused silica is fragile and can readily chip off or break. During sample loading and positioning of the capillary inlet into the background electrolyte, the polyimide coating of the capillary should not contact the solutions, as droplets may be trapped at the silica-coating interface and transferred between vials, potentially causing crosscontamination or sample dilution. CE separation reproducibility and reliability is enhanced by frequent cleaning, as well as by occasional conditioning of the capillary using a NaOH solution. If migration time reproducibility falls below ~15% RSD, the separation capillary is conditioned by flushing it with 100 mM NaOH for ~5-10 min, followed by thorough rinsing with Sigma water and with the background electrolyte for 10 min. The CE-ESI interface should also be thoroughly rinsed with the ES solvent, and its metal emitter should be frequently rinsed to remove salts and compound deposits. When the platform is not in use, a gentle flow of Sigma water through the capillary connections helps avoid capillary and emitter clogging and prolong system lifetime. Additional temperature control of the separation capillary further enhances separation reproducibility.
Stable ESI is a prerequisite for reproducible analyte quantification. In a typical operation, the performance of the ESI is characterized continuously through multiple channels of observation. The temporal pattern of the total ion current and spray current (capillary current) are monitored using the mass spectrometer; the electrohydrodynamic behavior of the ES liquid meniscus is visually observed under a microscope. The operation mode of the ES is driven in the dripping-burst-pulsating-astable-cone-jet spraying regime, primarily by decreasing the distance of the ES emitter to the sampling plate while keeping the spray voltage constant. Cessation of hydrodynamic pulsation at the ES emitter tip and a sudden increase in ion signal intensity indicates onset of the cone-jet mode, usually at a distance below ~3 mm from the sampling plate held at − 1,700 V when the ES sheath solution is supplied at 750 nl min − 1 through the ES emitter 55 . Note that changing the spray potential and sheath flow rate and composition can further affect the spraying mode parameters. As CE-ESI-MS measurements span over a long time period, it is important to actively monitor and, if needed, regulate ES stability; among the governing factors that should be closely managed are the potential and geometry of the ES, the composition and flow rate of the solvent supply, as well as the integrity of connections.
The CE-ESI interface presented here can be operated in two distinct modes, each of which helps assess system performance at different stages of the experiments. Initially, the ion source is maintained as an ESI-MS-only device-i.e., the CE voltage is held at ground potential-and the integrity of the solution supply and stability of the Taylor cone are tested. Unstable spray current (e.g., high ion signal fluctuation and/or lack of signal) may indicate erroneous connections and/or improper anchoring of the liquid meniscus at the ES emitter tip (supplementary Methods), and/or variations in spraying modes. In the subsequent step, the ion source is operated as a CE-ESI device by applying the CE voltage across the separation capillary. Experimental conditions are routinely refined to mitigate excessive electrolysis and/or solvent heating in the CE region and/or electrical breakdowns (supplementary Methods) in the ESI-MS region of the setup. Representative examples of spray and total ion current measurements are demonstrated for erroneous and ideal conditions in the supplementary Methods.
The overall performance of the CE-ESI-MS system is validated daily. A reproducibility in migration time with no more than ~15% RSD, a signal-to-noise ratio of at least 3 for the reference signals (test solution) and an error in absolute ion signal intensity within 20% RSD are preferred for 6 nl of the test solution analyzed. Careful optimization of variables, regular system maintenance and data analysis can ensure errors of < 1% RSD in migration time and 5% RSD in quantification 33 . The CE-ESI-MS system, when optimized as described in this protocol, provides reproducible and stable CE separation and efficient ion generation over an extended period of time.
For this protocol, only a portion of the obtained single-cell extract is measured; the sampled volume corresponds to 0.1% of the volume of the extract, and it is adjustable so that a greater fraction of the cell content is measured for smaller cells. Alternatively, the metabolite coverage can be improved by drying and then reconstituting the cell extract in a smaller volume, thus increasing the concentration of metabolites that are present at low abundance in the cell. To enable the detection of many metabolites, often present in broad concentration ranges, this protocol imposes stringent criteria on the performance and operation of the CE-ESI-MS platform. Stable CE-ESI operation and the use of the internal standards and data analysis schemes discussed here (Box 1) improve the detection limit to about 100 attomoles for standards of neurotransmitters (e.g., acetylcholine and dopamine), the electrophoretic migration reproducibility to 1% relative standard deviation (RSD) and the mass accuracy to below 5 p.p.m. (refs. 31,33,34) . By collecting higher-quality data, these measurements enable the identification and quantification of more metabolites.
This protocol was validated using A. californica and rat individual neuronal cell bodies with diameters of ~25-500 µm. The metabolites detected were classical neurotransmitters (e.g., acetylcholine and histamine), energy carriers (e.g., adenosine) and osmolytes (e.g., betaines), among others 33 . The metabolic content allowed us to distinguish distinct neuron types on the basis of chemistry 33 and to determine metabolic changes in single neurons placed in overnight culture 34 . Contemporary developments in cell isolation offer technological and methodological capabilities for the measurement of ever-smaller cells and organelles with increasing sample throughput. A number of sample preparation approaches can feasibly be combined with our CE-ESI-MS platform. Examples include laser-capture microdissection (to harvest minuscule amounts of samples for extraction 35, 36 ), flow and chemical cytometries (to sort and analyze cells with exceptional throughput [37] [38] [39] ) and single-cell microfluidic platforms (to automate sample preparation, cell lysis and direct analysis 40 ). It is anticipated that the presented protocol can be readily extended to SCA of smaller cells, subcellular structures and cells of various species (Box 2).
Advantages and limitations of single-cell CE-ESI-MS
Single-cell CE-ESI-MS provides a means to profile, identify and quantify a representative part of the metabolome. Thus, selected cells that have real or suspected cell heterogeneity make key targets. Compared with many more traditional single-cell assays, advantages of the approach include an ability to detect both known and unknown compounds. CE separation is compatible with the volume regime of single cells; it yields high separation power and an ability to work with metabolites of broad types. Furthermore, CE separation can tolerate biological samples with high salt concentrations, such as the individual neurons of A. californica and rat measured here.
This section discusses several challenges. The first involves creating a robust approach for selecting the cell of interest. Cell selection is defined by the specific question being addressed and will vary from model to model. As cell sampling is application and cell type dependent, it is discussed further only for the specific cases covered here that use manual cell isolation. Note that the sample preparation and measurement process, analytical system setup and routine operation all require judicious attention. Key parameters for optimization are discussed in Box 1 and include isolation of single cells and extraction of metabolites during sample preparation (Steps 1-11), collecting information-rich metabolic data with low limits of detection and high analytical reproducibility using the CE-ESI-MS platform (Steps 12-29), and streamlining data analysis (Steps [30] [31] [32] [33] [34] [35] .
Another challenge relates to the applied aspects of ESI MS. A technical challenge is that ESI sources are intolerant of inorganic salts and complex buffers, and have low stability of Taylor-cone formation in the negative ion mode. Although this protocol is optimized for detecting metabolites in the positive ion mode, revising the ES source parameters can help extend detection to the negative mode, thus potentially enhancing coverage of the single-cell metabolome (Reagent Setup). A practical matter, as is the case with the majority of 'omic approaches that yield high data content, is that some users may find manual data analysis to be particularly labor intensive. As a final point worth noting, the throughput of many single-cell measurements, including the CE-MS approaches highlighted here, is low enough that large numbers of cells are not normally probed, and therefore the cell selection step becomes especially critical.
Adapting our protocol to alternative platforms may help mitigate some challenges. Interfering compounds (e.g., salts and buffers) may be diverted from the analytical path of ion generation via microreactors in microfluidic devices or capillary-based electrophoretic systems 40, 41 . Alternatively, separated compounds may be ionized using ion sources with higher sample matrix tolerance or different operating principles; e.g., CE coupled to desorption ESI
Box 2 | System adaptability
The success of analyte identification and quantification is enhanced by monitoring the quality of the analyte signal that is registered by the mass spectrometer. The present protocol profiles analytes over a wide concentration range (e.g., nM to mM concentrations) by addressing low signal-to-noise ratios and detector saturation at the low-and high-concentration extremes, respectively. Measurement of the appropriate signal intensities aids in accurate mass determinations (m/z values) and in obtaining informative tandem mass spectra, and also helps expand the linear dynamic range of concentration for quantification. As only a fraction of the cell extract is analyzed in this protocol, the sample can be measured more than once. Replicate measurements allow for adjustment of the sample amounts that are loaded into the separation capillary by refining the duration of injection and/or vertical displacement between the inlet and outlet ends, thus producing different hydrodynamic injection forces. Analytes in aliquots of the sample may also be concentrated via air-drying or diluted in situ in the loading vial before measurement-the use of internal standards is especially recommended. In addition, various CE separation methodologies can be adapted to this protocol to enhance the separation efficiency of the platform (e.g., online sample stacking and micellar electrokinetic chromatography). Similar analytical considerations should be effective in measuring diverse types of small molecules and concentrations, while also providing an opportunity to expand detection to larger compound types such as peptides and proteins of single cells. Male Sprague-Dawley outbred rats (R. norvegicus), 2.5-3 months old (Harlan Laboratories), are housed on a 12-h light cycle and fed ad libitum. In our hands, animal euthanasia is performed in accordance with the appropriate institutional animal care guidelines (the Illinois Institutional Animal Care and Use Committee), and in full compliance with federal guidelines for the humane care and treatment of animals. ! cautIon Experiments involving animals must follow all relevant institutional and governmental regulations. Rats are killed by decapitation using a sharp guillotine. A volume of 120 ml of ice-cold modified Gey's balanced salt solution (mGBSS; see below) is injected immediately into the subepidermal areas close to the dorsal root ganglia (DRG) of interest. Injected rat trunks are placed on ice, where all surgical manipulations are made. DRG are surgically isolated during the ~10-min dissection procedure and placed into ~2 ml of cell stabilization mixture containing 33% (vol/vol) glycerol and 67% (vol/vol) mGBSS prepared with Milli-Q water. Studies involving animals should be planned in accordance with the ARRIVE guidelines 48 . Artificial seawater ASW is 460 mM NaCl, 10 mM KCl, 10 mM CaCl 2 , 22 mM MgCl 2 , 26 mM MgSO 4 and 10 mM HEPES in Milli-Q water, with the pH adjusted to 7.8 using 1 M NaOH in Milli-Q water. The solution can be stored at 14 °C for up to 1 month. Culturing solution Culturing solution is ASW freshly supplemented with 100 units ml − 1 penicillin G, 100 µg ml − 1 streptomycin and 100 µg ml − 1 gentamicin in Milli-Q water, with the pH adjusted to 7.8 using 1 M NaOH in Milli-Q water. The temperature of the solution is maintained at 20-25 °C during culturing. (Optional) Nutrients and growth factors may be added, depending on the cell type and study goals. ! cautIon Culturing medium may influence the cellular metabolome 34 , and it may need optimization in specific studies. Electrolyte Electrolyte is 1% (vol/vol) formic acid in Sigma water. Although this solution works well for the CE separation of many metabolites, its composition may be adjusted depending on the purpose of the experiment. The solution can be stored in a tightly sealed container at room temperature (~20 °C) for 1 month. Enzyme solution for Aplysia neuron isolation Enzyme solution is freshly prepared 1% (wt/vol) protease type IX in ASW supplemented with 100 units ml − 1 penicillin G, 100 µg ml − 1 streptomycin and 100 µg ml − 1 gentamicin. Mass calibration solution for the mass spectrometer Mass calibration solution is 15 mM sodium formate in Sigma water. The solution can be stored at room temperature for up to 1 year. (Optional) The majority of the available mass calibration solutions for MS can be used in the protocol (e.g., PEG and polypropylene glycol polymers). Metabolite extraction solution Metabolite extraction solution is 0.5% (vol/vol) acetic acid in 50% (vol/vol) methanol prepared with Sigma water. The solution can be stored in a tightly sealed container at room temperature for 1 month. (Optional) Standards may be added to the solution, including migration time markers for CE data alignment (e.g., HEPES, glutathione and peptides) and internal calibrants for mass spectrometer calibration, signal normalization and/or quantification (e.g., deuterated metabolite standards). The solution composition may be adjusted to improve extraction efficiency for certain classes of compounds; for example, increasing methanol concentration should help better extract nonpolar compounds, and adjusting the pH to basic conditions may better extract acidic metabolites for negative ion mode detection. Modified Gey's balanced salt solution mGBSS contains 1. 
EQUIPMENT SETUP ES emitter
The ES emitter is a metal capillary (~35 mm length) with ends that have been laser-cut perpendicularly to the axis and fine-polished using 12-µm diamond lapping paper to yield a smooth surface. The capillary is thoroughly cleaned by sequential sonication in 50% (vol/vol) isopropanol in Sigma water, then in Sigma water, then in 50% (vol/vol) methanol in Sigma water, and then in pure methanol. It is then air-dried. Single-neuron isolation Microscissors, sharp metal needles, Petri dishes containing Sylgard 184, a stereomicroscope and an inverted microscope are needed for cell isolation. A. californica neurons are cultured in plastic Petri dishes filled with the ASW-antibiotics solution. The same set of items is used for the isolation of the rat neurons. The setup used for the isolation of mammalian pituitary cells is discussed elsewhere 17 . System for sampling and CE separation The system includes a customdesigned stage capable of elevating a platform by 15 cm within 1 s. Components of the platform are shown in Figure 1 . This platform houses a capillary holder capable of transitioning in 3 d.f. (element 3, Fig. 1 ) and two stainless steel vials, one for the sample (element 7, Fig. 1 ) and the other for the CE background electrolyte (element 8, Fig. 1 ). The sampleloading vial is milled out conically to hold about 500 nl of solution, and the electrolyte-containing vial is cylindrical, with an internal volume of 2 ml. The overall measurement throughput of this protocol is increased by milling (in advance) 3-5 replicate vials for the CE background electrolyte and 30-50 separate vials for sample loading. During system use, both vials are held in a metal block and are removable for frequent cleaning. The metal block is connected through a 10-kΩ resistor to an HVPS, and a battery-operated digital multimeter connected in parallel measures the voltage drop across the resistor to deduce electrophoretic current during separation. An electrically insulating enclosure (e.g., Plexiglas), equipped with a safety interlock-enabled door, houses all components and overrides the power feed to the CE HVPS for added safety. The CE power supply is controlled by a personal computer executing the attached custom-written LabVIEW-based virtual instrument (see Supplementary Data and Supplementary Methods for operation) that is capable of generating a temporally defined voltage and/or current program (Supplementary Methods). An insulating plastic tube with an ~2-cm i.d. encloses and guides the separation capillary from the capillary holder in the enclosure into the CE-ESI interface (element 9, Fig. 1 ). Additional details on the elements and operation of the system are available elsewhere 31, 33, 44 . Optionally, the CE HVPS may be operated manually. ! cautIon High voltage and high current pose electrical shock hazards. Ground conductive parts and shield electrical connections to prevent contact. Provide warning signs to inform users of the hazard. Ensure that no salt-containing solution spillage remains (even in dry form) inside the enclosure, as buildup of contaminants can result in electrical breakdown.
CE-ESI interface
The T-union incorporates the CE separation capillary, ES sheath supply capillary and metal capillary in each end. The separation capillary outlet coaxially feeds through the metal capillary and protrudes ~20-200 µm beyond the emitter tip. A thin copper wire directly grounds (earth) the metal emitter. Instructions on assembling this interface are provided in Step 12, and further details are given elsewhere 33, 44 . The CE-ESI interface is mounted on a three-axis translation stage, such as the PicoView nanospray source (Fig. 1) , and is fine-positioned in front of the sampling plate of the mass spectrometer. The performance of the CE-ESI interface is closely monitored, as detailed in Box 1.
MS and MS/MS
The single-stage TOF mass spectrometer (e.g., Bruker Daltonics, micrOTOF ESI-TOF-MS) for metabolic profiling and/or the tandem TOF mass spectrometer for structural elucidation (Bruker Daltonics, maXis ESI-Qq-TOF-MS/MS series) are needed. The instruments are tuned for performance in sensitivity and mass resolution (60,000 full width at half maximum below m/z 1,000) according to vendor guidelines. In this protocol, the instruments are initially coarse-tuned below m/z 2,000 by electrospraying the ESI tuning mix, and then fine-tuned using the test solution below m/z 500; the resulting instrument operation conditions are saved as a tuning file, as detailed in the vendor's manual. Next, the commercial ion source is removed, and the sampling cone is replaced with a nanospray end plate (sampling plate; Bruker). The ion source interlock is disabled according to vendor instructions. In this protocol, both instruments are used and defaulted to the optimized tuning file. The sampling plate potential is set to − 1,700 V relative to ground (earth) during the experiments, and 0 V otherwise, with a spectral acquisition rate of 2 Hz. The mass spectrometer is set to standby mode when not in use for more than a few hours. Note that this protocol can be implemented on most mass spectrometers equipped with an ESI atmospheric-pressure ion source. ! cautIon The sampling plate presents a risk for electrical shock. Provide shielding to prevent contact, and post warning signs to inform users of the hazard. (17) the orifice of the mass spectrometer sampling plate. Scale bar, 500 µm. (e) Close-up view of the CE-ESI-MS ion source highlighting a T-union that houses fused silica capillaries for (4) CE separation and (13) ES sheath solution delivery, as well as (14) a metal emitter grounded (earth) through a (15) thin copper wire. Scale bar, 1 cm.
proceDure preparation for single-neuron sampling • tIMInG ~2-28 h 1| Prepare the ASW, mGBSS and stabilization solutions as described in Reagent Setup.
2|
Clean and sterilize the surgical instruments. As documented in our earlier protocol 17 , ultrasonic treatment is recommended in SPECTRA-SONIC solution (Spectrum Surgical Instruments) at pH 7, for 5-10 min. Autoclaving is performed according to the operating guidelines recommended by the manufacturer. Rinse the instruments with Milli-Q deionized water and allow them to air-dry. This step minimizes the possibility of contaminating samples with bacteria and other metabolite sources.
3|
Prepare gloves, goggles, Petri dishes, vials, paper and the microscopes for neuron isolation as detailed in Equipment Setup.
4|
Isolate and culture the cells of interest. We have provided steps for isolating and culturing neurons from A. californica (option A) and for Rat DRG neuron isolation (option B). (ii) Open A. californica's visceral cavity with sharp surgical scissors, dissect the ganglia of interest and place them into 2.5-ml plastic tubes filled with the enzyme solution. (iii) Incubate the A. californica ganglion in the enzyme solution at 34 °C for 20-120 min. This step helps loosen or remove the connective tissues surrounding the cells and the intercellular mechanical contacts. Depending on the age, size and physiological condition of the animal, as well as the season and properties of the ganglion and cell of interest, treatment time should be optimized. Overtreated cells have a low rate of survival in culture, whereas undertreated neurons can be difficult to isolate or separate from glia. (iv) Rinse the ganglion several times with fresh ASW for a total of 30-60 min to remove the enzyme, and then incubate it for 10-15 min in the glycerol stabilization solution. (v) Pin down the A. californica ganglion (Fig. 2) onto a Sylgard surface in a Petri dish. While working under the stereomicroscope, isolate the individual neurons of interest in ASW or the stabilization solution for Aplysia using sharp needles, forceps or surgical scissors.  crItIcal step The MS measurement reproducibility is improved when the isolation is performed in the stabilization solution 34 . Although there are several established protocols and technologies to aid single-cell isolation from tissues and cell suspensions [51] [52] [53] , only one is described here. ? trouBlesHootInG (vi) (Optional) To culture neurons, aspirate the neurons one by one into a plastic micropipette, and then transfer each neuron into a separate Petri dish filled with culturing solution. Culture the neurons overnight at room temperature.
To extend the time frame of culturing (e.g., up to 3 d), reduce the temperature to 14 °C. Optimize the culturing conditions, including solution composition, nutrients, oxygen supply, temperature and time of experiment according to cell characteristics or the purpose of the study. After culturing, gradually replace the culturing solution with the stabilizing solution by sequentially removing the former and adding the latter in equal volume.  crItIcal step During this step, neurons should not contact the air in order to avoid cell lysis, and they should not be exposed to the stabilizing solution for more than 3-10 min in order to preserve cell stability. This step may be skipped if neuron culturing is not the goal of the study.
(B) rat DrG neuron isolation • tIMInG 35 min
(i) Euthanize rats by rapid decapitation. Cut the vertebral bones in the pedicle areas on both sides of the vertebrae, lift the dorsal side of the chain of the cut vertebrae and remove the spinal cord with forceps to expose the DRG for isolation using fine forceps and scissors. Alternatively, multiple DRG can be rapidly exposed by severing the dorsal and ventral roots via rapid hydro-extrusion to the spinal cord with cold physiological saline as described elsewhere 54 . (ii) Place the isolated DRG in the stabilization solution and incubate them for at least 10 min. (iii) Transfer the DRG onto a regular microscopy glass slide, and while monitoring the procedure under an inverted microscope (×2.5 objective) use sharp metal needles to break the sheath of connective tissues surrounding the neurons. (iv) Use the needles to pull small groups of DRG neurons out of the ganglia, and then isolate the neuron of interest using the same needles while visually following the isolation procedure under a stereomicroscope (with ×10-20 magnification).
preparation of cell extracts and controls • tIMInG 30 s  crItIcal Note that this protocol eliminates purposeful mechanical disruption to the cell, as the extraction solution was found to reproducibly extract metabolites with sufficient efficiency. This conclusion was made from the observation that extracts from cells that are visually intact and those that are damaged during transfer produce similar results. However, verification of this observation is needed for each new type of cell owing to differences in cellular physicochemical characteristics, as well as analyte and surrounding matrix properties. As a result, additional chemical and/or physical treatments may be implemented to influence analyte extraction and preservation.
5| Aspirate the isolated cell into a plastic micropipette with minimal ASW, and deposit it on the inner wall of a PCR vial. Use a pipette to gently reduce the volume of ASW surrounding the cell. Note that a small amount of extracellular solution is inherently transferred along with the neuron during this step and will be removed in Step 7.  crItIcal step Handle the cell gently and rapidly to minimize cell damage and accidental excessive leakage or release of metabolites.
6| (Optional) Collect this extracellular solution into a separate PCR vial as a negative control for characterizing the chemical environment of the cell and potential analyte loss as a result of its leakage or release (label: cell environment).
7| Rinse the neuron within 3 s by depositing ~1 µl of water on it and quickly withdrawing the solution into a pipette tip.  crItIcal step This step is especially important when incubating cells in culture media whose composition is not precisely known (e.g., serum). The purpose of rinsing is to minimize the influence of extracellular compounds on measurement results, thereby facilitating data interpretation. Although isolated cells are usually rinsed in this protocol, this step may be skipped with justification; for example, a cell prepared in the stabilization solution may transfer an insignificant volume of extracellular media.
8| (Optional) Collect this rinse solution into a PCR vial for the measurement of compounds removed from the cell environment (label: rinse solution).  crItIcal step Analyzing the rinse solution helps to establish the effect rinsing may have on the cell metabolome (e.g., rinse-stimulated endogenous compound release or leakage); systematic chemical biases in cell preparation may also be feasibly identified this way 34 .
9| Pipette 500 nl of the extraction solution onto a rat DRG neuron of ~25 µm in size, and pipette 5 µl of the extraction solution onto an ~50-500-µm A. californica neuron (label: cell extract). The volume of the extraction solution may be adjusted depending on the size and chemistry of the cell, as well as on the purpose of the study. Alternatively, deposit glycerol-stabilized cells using pulled glass pipettes into said volumes of extraction solution preloaded into protein LoBind or PCR tubes. Note that small glass pieces that may break into the extraction solution from the glass micropipette tip during cell transfer do not typically interfere with sample measurement.  crItIcal step Ensure that the cell is immersed in solution during metabolite extraction.
10| (Optional) Add standards to the extract: migration time markers for CE data alignment and internal calibrants for mass spectrometer calibration, signal normalization and/or quantification. Alternatively, the same standards may be added to the metabolite extraction solution (Reagent Setup) before depositing it onto the cell. assembling the ce-esI-Ms platform • tIMInG 2-4 h ! cautIon Bare fused silica is highly fragile and poses a poking hazard. When performing this task, wear protective eyewear and gloves.  crItIcal Use appropriate parts (e.g., sleeves, fittings, ferrules, and nuts) during system assembly to ensure the integrity of connections.
12| Assemble the CE-ESI interface ( Fig. 1e): i Mount the ES emitter into the T-union (Fig. 1e) and feed the separation capillary through the parallel inlet of the union until it protrudes ~15 cm past the emitter tip ii Cleave the separation capillary ends with a scribe and then rapidly burn ~3 mm of coating from both ends iii Wipe the capillary ends with isopropanol until the exposed fused silica ends appear clean under a microscope iv Gently retrieve the capillary through the ES emitter and finger-tighten the connections, allowing the outlet end to protrude 20-200 µm beyond the emitter tip as measured using a microscope v Connect the sheath capillary to the perpendicular inlet of the T-union  crItIcal step The protrusion length and position of the separation capillary within the ES emitter will affect the stability of the Taylor cone during CE separation and should be optimized.
13|
Mount the CE-ESI interface onto the three-axis translation stage and position the ES emitter perpendicularly to the sampling plate at an ~20-mm distance. Figure 1c demonstrates the use of the PicoView nanospray source fitted for the maXis mass spectrometer.
14|
Secure the separation capillary inlet into the capillary holder of the sample-loading platform (element 3, Fig. 1) , and then connect the sheath capillary to the syringe driven by the syringe pump.
15| Clean the internal and external CE-ESI interface components for ~30 min after the first assembly, for ~10-15 min at the beginning of an experiment series and for at least 5 min between consecutive measurements, according to the procedure in Box 3.
16|
Remove the rubber band-operated syringe from the separation capillary, mount the capillary inlet into the capillary mount of the platform, and then translate this capillary mount to transfer the separation capillary inlet end ~2 mm below the background electrolyte liquid meniscus. Improve the accuracy of manual fine positioning with a magnifier and adequate lighting. Ensuring the proper capillary dipping depth is important in order to offset the decreasing meniscus levels resulting from electrolyte evaporation. Although this protocol proposes 1 h of separation, longer experiments are feasible by increasing the dipping depth.  pause poInt (Optional) To place the setup in standby mode for a short time (e.g., 1-2 h), apply -1,700 V on the sampling plate and operate the ES in the burst-pulsating-dripping spraying regime 55 by adjusting the ES emitter-to-sampling plate distance to ~5-15 mm; monitor the spraying mode using the microscope. See Box 1 and the supplementary Methods for additional comments. The system may be turned off by Step 29.
ce-esI-Ms measurement • tIMInG 1 h per measurement 17|
Operate the ES as an ESI-MS-only device (Box 1) in the cone-jet mode by carefully decreasing the emitter-to-sampling plate distance to ~3 mm, and monitor and optimize system performance. Upon first assembly of the CE-ESI-MS platform, optimize the signal intensity and stability by positioning the ES emitter in front of the sampling plate orifice in all directions, as well as by refining the ES emitter axis-to-sampling plate angle to ~90°. The absolute location of the emitter is not crucial and can be adjusted, even during experiments, by a few millimeters in each direction without noticeably altering the absolute ion intensity. Monitor the stability of the electrified liquid meniscus by optical means and monitor the ion signal using the mass spectrometer for about 45 min upon initial system assembly, for 10 min at the beginning of an experiment series and for at least 1 min between consecutive measurements.  crItIcal step The purpose of this step is multifold: the integrity of the connections and sheath supply are ensured, and the ES performance is characterized. Other experimental variables, including the flow rate and composition of the sheath flow, may be tuned during this step. Optimized variables, however, should not be altered between experiments.
18| (Optional) Refine the tuning of the mass spectrometer by electrospraying the test solution at ~300-1,000 nl min 
Box 3 | Cleaning CE-ESI interface components • tIMInG 5-30 min
The purpose of these steps is to fill up the connections and remove potential contaminants, including metabolites that may be carried over between experiments. When appropriate, the steps may be performed in parallel to obtain higher throughput. Note that each measurement requires a new, dry, clean sample-loading vial as well as replenishing of the electrolyte. The same electrolyte-containing vial can be used ~15 times before cleaning via sonication. Clean the interface as follows: 1. Turn on the mass spectrometer with the sampling plate potential set to 0 V. 2. Position the emitter ~15 mm from the sampling plate. 3. Flush the background electrolyte through the separation capillary using the syringe equipped with a rubber band by applying gentle pressure on the syringe plunger (another syringe pump or gravity-driven solution supply may alternatively be used for this purpose). 4. Supply the sheath solution at a 750 nl min − 1 rate through the sheath capillary using a separate syringe and the syringe pump.  crItIcal step The sheath flow supply rate should be optimized for system performance (Box 1) and should be kept stable throughout the protocol. 5. Rinse the ES emitter tip with Sigma water and then with methanol. 6. By using tweezers, remove a cleaned sample-loading vial from the storage solution, dry it with an absorbent wipe (e.g., Kimwipe) and transfer it into the corresponding vial holder (element 7, Fig. 1 ) of the sample-loading platform to allow it to further air-dry. 7. Replenish the background electrolyte in the electrolyte-containing vial (element 8, Fig. 1 ) in the sample-loading platform.
performance in the ensuing CE-ESI-MS operation mode (Box 1): perform separation for 45 min upon initial system assembly, 10 min at the beginning of an experiment series and at least 2 min between consecutive measurements, while monitoring the ES. The purpose of this step is to ensure stable ion generation for the sample analysis.
(Optional) Measure the current-voltage characteristics of the CE-ESI system (Ohm's plot) to minimize solvent heating and electrolysis (see supplementary information in ref. 33 ).
? trouBlesHootInG
20|
Gather the sample and centrifuge it for 1 min at 2,000g at room temperature. This step helps reduce cellular debris in the supernatant that may clog the separation capillary. (Optional) Thaw the frozen sample extract and sonicate it if needed before centrifugation. In the present protocol, thawing is accomplished at room temperature without homogenization. Temperature-sensitive samples may be thawed in an ice-water mixture at ~4 °C.
21|
Stop the CE separation by gradually decreasing the potential across the separation capillary from 20 kV to 0 V (earth ground) within 10 s using the attached virtual instrument (supplementary Data and supplementary Methods). Open the door of the CE enclosure to clear access to the sample-loading platform. Note that this will automatically turn off the power supply to the CE HVPS (Equipment Setup).
22|
Transfer 500 nl of the sample supernatant into the clean and dry sample-loading vial installed in the CE platform per
Step 15 (Box 1). (Optional) Practice allows the reproducible transfer of smaller sample volumes into the sample-loading vial. During this step, the sample may be modified depending on the purpose of the study, including dilution or concentration (Box 2).
23| Load 6 nl of neuron extract into the separation capillary, as follows. By using the capillary holder of the CE platform, move the separation capillary inlet into the sample-loading vial, allowing it to submerge below the sample meniscus. Raise the inlet end of the separation capillary 15 cm above the outlet end by quickly elevating the CE stage (within 1 s). Wait for 60 s to siphon ~6 nl of the extract into the separation capillary. Lower the stage immediately afterward (within 1 s), leveling it with the outlet end of the capillary.  crItIcal step Use magnifiers and work in a well-lit environment to increase reproducibility, and avoid bending the bare fused silica capillary inlet. (Optional) The inlet end of the separation capillary may be positioned 1 cm above the outlet end during all times in order to prevent sample loss during capillary positioning 31 . As discussed in Box 2, different neuron extract volumes may be sampled by adjusting the elevation or injection time.
? trouBlesHootInG 24| By using the capillary mount of the platform, quickly transfer the separation capillary over the electrolyte and secure its inlet end at least 2 mm below the liquid meniscus. Quickly close the CE enclosure door to automatically power the CE HVPS (Equipment Setup).
25| Start CE separation by repeating
Step 19, and simultaneously begin mass spectrometric acquisition in single-(MS) or tandem-stage (MS/MS) operation. It is advisable to continuously monitor the stability of the ES during separation (Box 1).
The troubleshooting advice given in Steps 18 and 19 apply. ? trouBlesHootInG 26| Stop the CE separation and mass spectrometric data acquisition upon detecting the compounds of interest. Nontargeted metabolic and peptidomic analyses (e.g., profiling) can be enhanced by prolonging the CE separation and data acquisition. In this protocol, many amino acids, osmolites and neurotransmitters of interest are separated and detected within 45 min (refs. 31, 33, 34) . Monitor the selected-ion electropherogram of an endogenous compound as an indicator of the endpoint in an experiment (e.g., similar to a targeted experiment). In the experiments shown here, CE-ESI-MS data were collected until detection of glutathione (protonated m/z 308.0916) with an ~40-min migration time.
(Optional) Exogenous compounds spiked into the cell extracts before analysis can also help mark the endpoint of the experiment (Reagent Setup).
27| Clean the CE-ESI-MS system components by following
Step 15. Rinse the used sample-loading vial with Sigma water and methanol, and store it in 50% (vol/vol) methanol prepared with Sigma water. It is practical to collect ~30 sample-loading vials in the same container for batch cleaning via sonication in 50% (vol/vol) methanol prepared with Sigma water. vi Begin flushing Sigma water through the sheath capillary using a syringe pump (750 nl min − 1 rate or lower) and the separation capillary using the rubber band-driven syringe (Step 15)
 crItIcal step Maintain a gentle flow of deionized water in the separation and sheath capillaries until the next experiment to keep capillary walls hydrated and mitigate clogging of the capillaries.  pause poInt The system can be left turned off for about 1 week without a detectable change in performance.
Data analysis • tIMInG 5 min-1 d 30|
Recalibrate the mass spectra to 5 p.p.m. accuracy or better using the Compass software. In the present protocol, a selected-ion electropherogram is generated for the sodium formate dimer ion (m/z 158.9 ± 0.1), and a mass spectrum is integrated over the salt peak (9-11 min migration time). This spectrum typically contains an abundance of sodium formate cluster ions and is used to externally calibrate the mass spectra in the m/z 50-500 range. Alternatively, a calibration spectrum registered the same day for the mass calibration solution or a calibrated sample can serve as an external mass calibration. This protocol implements an enhanced quadratic equation for mass calibration (Compass), yielding a typical mass accuracy of 1 p.p.m.  crItIcal step Ensuring that data are collected with high mass accuracy is critical for successful identification of metabolites.
(Optional) Although only one approach is discussed here, mass calibration may be performed by alternative means, or it can be skipped if the mass accuracy was sufficient during data acquisition; e.g., the mass accuracy of acquisition may be tested for known endogenous compounds detected at previously determined migration times (supplementary Methods).
31| Find molecular features and create a list of the measured ion masses of interest. Here, the PlotEIC.m (Bruker) script is executed in Compass to compute m/z-selected ion electropherograms between m/z 50 and 500 with a search window of 500 mDa, and the data are smoothed using a 3-point Gaussian function. Electrophoretic signals are high-pass-filtered with an arbitrary threshold of 5×10 4 counts. Adducts, clusters, isotopes and compounds not related to the neuron metabolome (e.g., polymers and plasticizers from vials and other contaminants from solvents) are manually eliminated, and the accurate masses of the remaining signals are determined by generating mass spectra across the corresponding electrophoretic peaks (Fig. 2b) . (Optional) Advanced software packages, such as ProfileAnalysis (Bruker) or metaXCMS (METLIN), present automated protocols to find molecular features. Although the presented protocol aims for large-scale chemical profiling, this step may be skipped when you are performing a targeted analysis.
32|
Calculate and tabulate the abundance and migration time of the measured signals of interest (m/z values). Here, the custom-written script (supplementary Methods) is executed, generating mass (m/z)-selected ion electropherograms with a 5-mDa window for the accurate masses noted in Step 31, and also implementing 3-point Gaussian smoothing on the data. Peak areas are manually integrated and tabulated into mass migration time brackets. Although it is laborious, this semiautomated approach provides complete oversight on data analysis, and it is capable of profiling 144 endogenous compounds in over 60 different single-neuron extracts 33 . (Optional) ProfileAnalysis and metaXCMS can help automate this step, thus substantially reducing the processing time. In a targeted study, limit analysis to the accurate mass of the compound of interest. Abdominal Cerebral on the basis of isotope distribution. Next, the tandem mass spectrum recorded for the unknown signal is compared against that of the putative metabolite in the METLIN database or in alternative resources (e.g., online databases and publications). The confidence of assignment is further enhanced by measuring the migration time and tandem mass spectrum of the authentic chemical standard that corresponds to the putative candidate (e.g., Fig. 2b ). (Optional) When you are performing a targeted analysis, this step is skipped.
35|
Quantify the compounds of interest in follow-up measurements by establishing a correlation between the CE-ESI-MS signal intensity and analyte concentration using related chemical standards (external calibration; e.g., Fig. 3c ).  crItIcal step Depending on inter-day variances in system performance, it is advisable to perform external calibration on the same day as analysis of the neuron extract(s). (Optional) The standard addition method can be alternatively used to deduce compound concentrations.
? trouBlesHootInG Troubleshooting advice can be found in table 1. In addition, follow Troubleshooting advice given for
Step 18
(continued) spectrometric measurements that facilitate metabolite identification can expand the time frame by days to weeks. This is especially true for compounds having putative identities with no corresponding standards available.
antIcIpateD results
Electrophoretic separation with ESI-MS detection has been successfully used to measure numerous compounds in single cells. We and others have developed protocols in sample preparation and CE-ESI-MS instrumentation to probe the inherently small sample volumes afforded by individual invertebrate and mammalian neurons 31, 33, 34, 40 . From a measurement perspective, our singlecell experiments illustrate that the metabolic composition of individual cells can be analyzed, resulting in high-quality data. For example, more than 300 compounds in the molecular mass range of metabolites were detected in a single A. californica neuron 33 . Underlying this outcome are system characteristics that allow the user to directly measure endogenous metabolite concentrations; the linear dynamic range of concentration for quantification spans three or four orders of magnitude, and the limit of detection is ~100 attomoles for acetylcholine and histamine, among others 31 . Interestingly, compared with the investigation of multicellular samples, interpretation of SCA results becomes more straightforward, as the chemical and structural complexity of the sample is reduced. Single-cell CE-MS, conjoined with metabolic profiling with relatively high analyte coverage, can uncover the biochemical and, in some cases, functional heterogeneity of cellular populations. Here, we showcase the potential of single-cell CE-ESI-MS for identifying, profiling and quantifying metabolites in individual molluscan and mammalian neurons, with a cell body of 25-500 µm in diameter (Fig. 2a) . For example, as shown in Figure 2b , analysis of an MCC neuron extract revealed a molecular feature having a nominal mass of m/z 182 at a 29.63-min migration time. Subsequent calibration of the MS spectrum provided an accurate mass of m/z 182.0810 for the ion (Fig. 2b, right insets) . A search in the METLIN database with 5 p.p.m. mass accuracy suggests protonated tyrosine as one of the likely candidates. CE-ESI-MS and MS/MS analysis of the tyrosine chemical standard provided corroborative pieces of evidence-the migration times and tandem mass spectra of the endogenous compound and the tyrosine standard are in perfect agreement (Fig. 2b, left insets) . Measured migration times are transformed using a quadratic equation based on internal CE migration time markers, as described previously 33 . Targeted metabolic comparisons among single LPl1, MCC and R15 neurons from A. californica show similar small-molecular profiles for some amino acids (e.g., leucine, isoleucine and tyrosine) and osmolytes (e.g., glycine betaine), and highlight neuron-characteristic differences on the basis of acetylcholine and serotonin content (Fig. 2c) . Obtaining such consistent results from identified neurons lends credence to the detection/identification of unknowns from less well-characterized cells as being biologically relevant and not measurement artifacts. Optimized analyte extraction and analysis allowed a 25-µm-diameter rat DRG neuron (Fig. 2a) to be successfully measured (Fig. 2c) , demonstrating the adaptability of this protocol for cells with progressively decreasing dimensions and of different specimen types.
As a means of nontargeted analysis, more than 50 individual neurons from six different neuron types were compared using unsupervised PCA (Fig. 3a) . In the score plot, LPl1 and R2 neurons, as well as the B1 and B2 cells, seem to be chemically similar compared with the MCC and R15 neurons. Heterogeneity within each neuron type is also apparent in the same plot. It is worth noting that PCA has been used to document minor differences among the B1 and B2 cells in a targeted study 34 . Close inspection of the loading plot demonstrates that serotonin and histamine, proline betaine and glycine betaine, and acetylcholine fall into different data clusters, suggesting that these compounds show dissimilar patterns of variation in signal abundance among the samples. Indeed, Student's t tests on the corresponding ion abundances confirmed higher amounts of acetylcholine in the LPl1 and an increased level of serotonin in the MCC neurons (Fig. 3b) . Similarly, the LPl1 and R15 neurons contained considerably more tyrosine. Notably, a similar data analysis scheme with improved sample preparation was recently used to detect metabolic changes in cultured B1 and B2 buccal neurons of the A. californica CNS 34 , thus providing an opportunity to follow the modulation of cellular metabolomic and functional states in single-cell experiments using the protocol described here.
This protocol can also be used to quantify metabolites in individual neurons. External calibration, here using serine as a standard, helped to determine the solution-phase concentration of this amino acid in extracts of selected R15 and LPl1 neurons. Representative examples are shown in Figure 3c , where differences in serine concentration are apparent between the LPl1 and R15 neurons, with higher concentrations found in the former samples. The results also revealed variation in the analyte levels among individual neurons of the same type. By taking into account the actual size of an analyzed neuron, it becomes possible to determine the intracellular concentration of virtually any metabolite that is detected and available as a chemical standard.
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